Evidence for negative thermal expansion in the superconducting precursor
  phase SmFeAsO by Zhou, H. D. et al.
ar
X
iv
:1
80
2.
08
64
8v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
23
 Fe
b 2
01
8
Evidence for negative thermal expansion in the superconducting precursor phase SmFeAsO
H. D. Zhou,1 P. M. Sarte,2, 3 B. S. Conner,4 L. Balicas,5 C. R. Wiebe,6, 7, 8, 9, ∗
X. H. Chen,10, 11, 12 T. Wu,10, 11, 12 G. Wu,10 R. H. Liu,13 H. Chen,10 and D. F. Fang10
1Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA
2School of Chemistry, University of Edinburgh, Edinburgh EH9 3FJ, United Kingdom
3Centre for Science at Extreme Conditions, University of Edinburgh, Edinburgh EH9 3FD, United Kingdom
4Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
5National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32306-4005, USA
6Department of Chemistry, University of Winnipeg, Winnipeg, MB R3B 2E9 Canada
7Department of Physics and Astronomy, McMaster University, Hamilton, ON L8S 4M1, Canada
8Canadian Institute for Advanced Research, Toronto, ON M5G 1Z8, Canada
9Department of Chemistry, University of Manitoba, Winnipeg, MB R3T 2N2, Canada
10Hefei National Laboratory for Physical Sciences at Microscale and Department of Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China
11Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China
12Key Laboratory of Strongly-coupled Quantum Matter Physics,
University of Science and Technology of China, Chinese Academy of Sciences, Hefei 230026, China
13Department of Physics, Emory University, Atlanta, Georgia 30322, USA
(Dated: October 9, 2018)
The fluorine-doped rare-earth iron oxypnictide series SmFeAsO1−xFx (0 ≤ x ≤ 0.10) was investigated
with high resolution powder x-ray scattering. In agreement with previous studies [Margadonna et al., Phys.
Rev. B. 79(1), 014503 (2009)], the parent compound SmFeAsO exhibits a tetragonal-to-orthorhombic structural
distortion at TS = 130 K which is rapidly suppressed by x ≃ 0.10 deep within the superconducting dome. The
change in unit cell symmetry is followed by a previously unreported magnetoelastic distortion at 120 K. The
temperature dependence of the thermal expansion coefficient αV reveals a rich phase diagram for SmFeAsO:
(i) a global minimum at 125 K corresponds to the opening of a spin-density wave instability as measured by
pump-probe femtosecond spectroscopy [Mertelj et al., Phys. Rev. B 81(22), 224504(2010)] whilst (ii) a global
maximum at 110 K corresponds to magnetic ordering of the Sm and Fe sublattices as measured by magnetic
x-ray scattering [Nandi et al., Phys. Rev. B. 84(5), 055419 (2011)]. At much lower temperatures than TN,
SmFeAsO exhibits a significant negative thermal expansion on the order of -40 ppm · K−1 in contrast to the
behavior of other rare-earth oxypnictides such as PrFeAsO [Kimber et al. Phys. Rev. B 78(14), 140503 (2008)]
and the actinide oxypnictide NpFeAsO [Klimczuk et al. Phys. Rev. B 85, 174506 (2012)] where the onset
of α < 0 only appears in the vicinity of magnetic ordering. Correlating this feature with the temperature and
doping dependence of the resistivity and the unit cell parameters, we interpret the negative thermal expansion
as being indicative of the possible condensation of itinerant electrons accompanying the opening of a SDW gap,
consistent with transport measurements [Tropeano et al., Supercond. Sci. Technol. 22(3), 034004 (2009)].
The discovery of iron oxypnictides of the general for-
mula RFeAsO (R = RE3+) has brought about a renaissance
in the field of high temperature superconductivity [1–3].
Previous efforts were almost completely focused on the
cuprates for nearly two decades, with no real clear picture
emerging for the superconducting mechanism or an expla-
nation of the rich phase diagrams as a function of dop-
ing [4–9]. It has been well-understood that strong spin-
spin coupling, in addition to the two-dimensional layers
of square planar CuO plaquettes, and mobility introduced
through electron and/or hole doping of the Mott insula-
tor phases are common properties to all of the supercon-
ducting phases [10]. However, the discovery of supercon-
ductivity in the two-dimensional iron oxypnictide stuctures
(with the d7 Fe2+) has left an indelible mark on the con-
densed matter community [11, 12]. A combination of the
relatively high values of Tc [1, 13–17] for the earliest sam-
ples and the striking similarities of their rich phase dia-
grams to those of the cuprates [16, 18–21] suggests that
through further refinements of the chemistry, and an un-
derstanding of the mechanism, these iron oxypnictides and
iron-based two-dimensional structures in general not only
provide a potential route for advancing our understanding
of the cuprates but may even provide Tc values challeng-
ing the records of the cuprates.
In this paper, we focus on x-ray studies of the fluorine-
doped oxypnictide series SmFeAsO1−xFx - a series with
one of the highest Tc values (∼ 58 K for optimal
x = 0.20 [13]) among the iron-based superconductors.
A prominent tetragonal-to-orthorhombic structural distor-
tion is observed at TS = 130 K in the parent compound
SmFeAsO corresponding to a peak in dρ
dT
, quickly fol-
lowed by a previously unreported magnetoelastic coupling
at T∗ = 120 K. The temperature dependence of the ther-
mal expansion coefficient αV reveals that the transition
at 120 K lies between a global minimum of the thermal
expansion corresponding to the opening of a spin-density
wave (SDW) instability as measured by pump-probe fem-
tosecond spectroscopy [22] and a global maximum cor-
responding to magnetic ordering on both the Sm and Fe
magnetic sublattices as measured by magnetic x-ray scat-
tering [23]. Upon cooling to temperatures much below T∗,
SmFeAsO exhibits a significant negative thermal expan-
sion, corresponding to a broad feature in dρ
dT
. Although
2previously unreported for SmFeAsO, this behavior is rem-
iniscent of other iron oxypnictides such as PrFeAsO [24]
and LaFeAsO [25]. Since this behavior has also been pre-
viously reported for LaFeAsO [25] with a non-magnetic
RE3+ site, the negative thermal expansion was interpreted
as an effect due to electron localization, specifically upon
the Fe site, a claim that was also alluded to by systematic
transport measurements on SmFeAsO1−xFx [26]. Our in-
terpretation of the data is supported by the observed sup-
pression of all anomalous features in the temperature de-
pendence of the crystallographic parameters with minimal
fluorine doping since it is well-documented that electron-
doping across the RFeAsO1−xFx (R = RE
3+) series in-
duces superconductivity — by x ∼ 0.07 [3, 27] for Sm
— and the onset of superconductivity quickly suppresses
the tetragonal-to-orthorhombic distortion, the SDW phase
and the Ne´el phase [1, 16, 28–30]. Although the negative
thermal expansion is quickly suppressed with minimal flu-
orine doping, it is worthwhile to note that since the lowest
temperature anomaly occurs at an energy scale which is
close to Tc in optimally doped samples [13–15], the neg-
ative thermal expansion may correspond to a SDW that is
rapidly suppressed in the SmFeAsO1−xFx series as super-
conductivity evolves.
Polycrystalline samples of SmFeAsO1−xFx (x = 0, 0.05
and 0.10) were prepared by a two-step solid state re-
action as previously outlined by Tropeano et al. [26].
The precursor SmAs was obtained by reacting high pu-
rity Sm and As metal at 600oC for 3 h, and then at
900oC for 5 h. A mixture of SmAs, Fe, Fe2O3, and
FeF2 powders with the appropriate nominal stoichiomet-
ric ratio was then ground thoroughly and pressed into
small pellets. These pellets were wrapped in Ta foil
and sealed in an evacuated quartz tube and annealed at
1200oC for 24 h. The pellets were then retrieved, re-
ground, repressed and annealed at 1300oC for a further
72 h. Resistivity measurements were performed by the
conventional four-point-probe method using a Quantum
Design PPMS. The powder x-ray diffraction (pXRD) pat-
terns were recorded by a HUBER Imaging Plate Guinier
Camera 670 with monochromatized Cu Kα,1 radiation.
Polycrystalline samples of SmFeAsO1−xFx were cooled
to a base temperature of 10 K with a closed cycle cryostat
and held at base temperature for 12 hours, whilst after each
temperature change, the samples were held at the desired
temperature for 10 minutes with the objective of achieving
thermal equilibrium and avoiding spurious features such as
phase trapping.
Figure 1 shows the Rietveld refinement of the parent
compound SmAsFeO (x = 0). The pXRD data was fit us-
ing the FULLPROF/WINPLOTR suite [31, 32]. As sum-
marized by Tab. I, the refined lattice parameters and atomic
positions correlate well with previous structural studies
confirming that SmFeAsO adopts the layered ZrCuSiAs-
type structure corresponding to the tetragonal P4/nmm
space group [28, 33, 34]. A prominent structural distortion
at TS = 130 K was deduced by the observation of splitting
FIG. 1. Measured, calculated and difference high resolution lab-
oratory powder x-ray powder diffraction profiles for SmFeAsO
at 270 K (tetragonal) and 10 K (orthorhombic) measured on a
HUBER Imaging Plate Guinier Camera 670 with Cu Kα,1 radi-
ation. The Bragg reflections’ locations of the tetragonal P4/nmm
(270 K) and orthorhombic Cmma (10 K) phases are given by the
olive vertical lines.
of structural Bragg peaks. One such example includes the
splitting of the (212) to the (312) and (132) as illustrated
in Fig. 2, corresponding to a structural transition from the
tetragonal P4/nmm to orthorhombic Cmma, once again in
agreement with previous synchrotron and physical prop-
erty results [26–28, 33, 35]. As summarized in Fig. 3(d),
the resistivity of the parent compound shows a broad
anomaly at higher temperatures but below this anomaly,
there are no obvious features or phase transitions, consis-
tent with previous transport measurements [3, 26, 36]. By
taking the derivative of the resistivity, we find that there is a
clear maximum at 130 K corresponding to the tetragonal-
to-orthorhombic distortion temperature TS. As shown in
Fig. 4, the tetragonal-to-orthorhombic structural transition
is quickly suppressed within the superconducting phase,
in agreement with previous synchrotron results that de-
duced the complete suppression of the structural distortion
by x ∼ 0.14 [28]. Although the structural transition for
x = 0.05 was detected through both the broadening of the
(212) Bragg peak and minor kink in the temperature evolu-
tion of a at 80 K which is well correlated with a peak in dρ
dT
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FIG. 2. Temperature dependence of the (212) Bragg peak in
the parent compound SmAsFeO (x = 0). The tetragonal-to-
orthorhombic structural distortion at TS = 130 K corresponds to
the splitting of the (212) peak in the high temperature tetrago-
nal P4/nmm to the (132) and (312) peaks in the low temperature
orthorhombic Cmma phase. Solid red curves are the sum of fits
to (132) and (312) individual peaks (solid blue curves) for the
Cmma phase or the (212) peak in the high temperature P4/nmm
phase.
as illustrated in Figs. 4(a),(c) and (d), there is no such in-
dication for the highest doped sample (x = 0.10) due to the
coarser resolution of the laboratory x-ray diffractometer
used in this current study compared to ID31 at the ESRF
utilized in previous studies [28].
From Rietveld refinements, the temperature evolution of
the lattice parameters was calculated for the parent phase
and are presented in Figs. 3(a)-(c) below. The first-order
nature of the jump in both a and b is clear, in contrast with a
more smooth evolution of c. Below TS, a significant struc-
tural distortion was observed at 120 K. This previously un-
reported distortion manifests itself as a decrease of a, b,
and c, and therefore a cusp-like feature of the unit cell vol-
ume V . A likely candidate for the 120 K transition is mag-
netic ordering accompanying a spin-density wave instabil-
ity of the nested Fermi surface that is reminiscent of other
rare-earth iron oxypnictides [1, 20, 30, 37]. Such a claim
is supported by numerous observations in literature includ-
ing the detection of spin-density wave ordering by pump-
TABLE I. Refined crystallographic parameters at 270 K for
SmAsFeO from the Rietveld refinementa of the high resolution
laboratory x-ray powder-diffraction profile. Numbers in paren-
theses indicate statistical errors.
Atom Wyckoff Site x y z Biso (A˚
2)
Sm 2c 0.25 0.25 0.1364(3) 1.13(4)
Fe 2b 0.75 0.25 0.5 1.57(7)
As 2c 0.25 0.25 0.6632(5) 1.20(3)
O 2a 0.75 0.25 0 1.90(5)
a Space group, P4/nmm. At 270 K, a = 3.9402(2) A˚, c = 8.4803(4) A˚,
V = 263.56(6) A˚3, Rp ≈ 6.0%, Rwp ≈ 6.0% and χ
2
≈ 3.01.
probe femtosecond spectroscopy at TSDW ≃ 125 K [22]
and the detection of long-range ordering of the Sm and
Fe magnetic sublattices by magnetic x-ray scattering at
TN ≃ 110 K [23]. The formation of a SDW state below TS
is further supported by broad features in both DC suscep-
tometry and heat capacity reported in literature [23, 38].
It is worthwhile to note that there exists a slight increase
in the resistivity of the parent compound (Fig. 3) as one
decreases temperature before both TS and TSDW in agree-
ment with previous transport measurements [3, 26, 36].
This behavior of the resistivity may correspond to the onset
of magnetic correlations, reminisent of “stripe” phase of
La1.6−xNd0.4SrxCuO4 [39]. Furthermore, multiple stud-
ies [24, 40, 41] have correlated a broad feature in the re-
sistivity at high temperatures proceeding TS with the for-
mation of SDW phase. As illustrated in Fig. 4(d), this in-
crease in the resistivity is quickly suppressed with fluorine-
doping x ≃ 0.10, corresponding to the onset of super-
conductivity in SmFeAsO1−xFx (x ∼ 0.07 [3, 27]) and
as is the case for other high temperature superconductors,
the concurrent destruction of the SDW state and its ac-
companying magnetic ordering transition [3, 11]. The in-
terpretation of the 120 K feature as magnetic ordering is
strongly supported by the temperature dependence of the
thermal expansion coefficient αV =
1
V
∂V
∂T
as presented in
Fig. 5 below. The temperature dependence of αV reveals
a rich phase diagram where a global minimum and maxi-
mum corresponds to the aforementioned literature reported
values of TSDW [22] and TN [23], respectively; whilst,
the magnetoelastic transition at 120 K corresponds to the
crossover between negative and positive thermal expan-
sion, indicating that the 120 K transition corresponds to
some exotic phase of SDW and Ne´el phase coexistence,
both phases that ultimately compete [1, 42] with supercon-
ductivity and would be expected — and as is observed —
to be quickly suppressed with fluorine doping.
As shown in Figs. 3 and 5, as SmFeAsO is cooled
much below TSDW, another anomalous feature appears at
T ≈ 55 K — a negative, nearly isotropic thermal expan-
sion exists in all three crystallographic directions. The
presence of a negative thermal expansion for SmFeAsO,
although not been previously reported in either high reso-
lution synchrotron [28] or three terminal capacitance mea-
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FIG. 3. Temperature dependence of the a, b, and c lattice pa-
rameters for SmAsFeO (panels (a) and (b)) revealing a first or-
der transition accompanying the tetragonal-to-orthorhombic dis-
tortion noted in Fig. 2. A strong magnetoelastic response at
120 K attributed to magnetic ordering (TN = 110 K) following
the opening of the SDW phase (TSDW = 125 K) and is fol-
lowed by a prominent negative thermal expansion in all three
crystallographic phases beneath 55 K, far from the vincinity of
any magnetic ordering. (c) The temperature dependence of the
unit cell volume, exhibiting an anomaly at 120 K, followed by
negative thermal expansion beneath 55 K. (d) The temperature
dependence of the resistivity, and its derivative dρ
dT
. Note that
a peak in dρ
dT
occurs at 130 K and a broad anomaly appears
as well at 55 K, coinciding with the onset of the tetragonal-to-
orthorhombic distortion and the onset of negative thermal ex-
pansion, respectively. The labels HTT and LTO denote high
temperature tetragonal phase and low temperature orthorhombic
phase, respectively. N.B. Error bars are smaller than the size of
the symbol representation of the experimental data.
surements [43], has been detected in other rare-earth [24]
and actinide oxypnictides [44]. The distinguishing feature
of SmFeAsO is that the onset of negative thermal expan-
sion does not coincide with any particular magnetic or-
dering process such as in NpFeAsO where the onset of
α < 0 coincides with TN [44]. To gain some insight
on the microscopic origin of the negative thermal expan-
sion, we shall compare this system to other known ma-
terials that show negative thermal expansion. For a re-
cent review on negative thermal expansion, please refer
to Chen et al. [45]. One obvious quantitative parame-
ter for comparison is the coefficient thermal expansion
αV = −40 ppm · K
−1 at 10 K for the undoped com-
pound. Simple flourite structures with tetrahedrally coor-
dinated atoms experience small negative thermal expan-
sion with αV & −10 ppm · K
−1 [46–50]. The tilting of
rigid polyhedra in oxides with O-M -O bridging in ma-
terials such as ZrW2O8, heralded as a compound with
significant negative thermal expansion, yields a αV of
−27.3 ppm · K−1 [51, 52]. Since SmAsFeO has a signif-
icantly larger value, it is unlikely that such a mechanism
exists.
A possible alternative explanation for the detection of
negative thermal expansion could be attributed to the pres-
ence of Sm. The f block elements have a rich and com-
plex series of structural phase diagrams as a function of
temperature and pressure [53–55]. The iron oxypnictides,
with the addition magnetic Fe sublattice [23, 56], further
complicates the effects of magneto-elastic coupling and f -
electron physics in these materials. Among the rare earth
compounds, crystal field induced negative thermal expan-
sions have been noted on the order of -2 ppm ·K−1 in com-
pounds such as TmTe [57, 58]. However, other prominent
effects are noted in the vicinity of magnetic transitions,
such as a coefficient of -500 ppm ·K−1 near the Curie tem-
perature in holmium [59]. However, in the absence of fea-
tures in the susceptibility, it is unlikely that this is the origin
of the effect in SmAsFeO. The one example that bears the
greatest similarity to SmAsFeO is the change in the elec-
tronic configuration of Sm in Sm2.72C60 [60, 61]. In this
compound, a truly dramatic change in the negative thermal
expansion is observed below 50 K and is believed to be due
to the change in size of the Sm ion of the 4f6d0 and 4f5d1
electronic configurations [62] with very similar transitions
seen throughout other rare-earth systems below 60 K [63–
65]. The possibility of such an electronic transition in Sm-
FeAsO can be quickly discredited by noting refinements
indicate the average size increase of Sm is less than 1%
and observing there exists a small but detectable negative
thermal expansion below 50 K for LaFeAsO [25]. Com-
bining the observation of αV < 0 for LaFeAsO and the
assumption that the underlying mechanism in LaFeAsO is
similar to that in SmFeAsO, provides an argument against
Sm electron localization, since the La3+ ions should not
adopt a valence fluctuating state.
Ruling out the presence of rare-earth valence fluctua-
tions, one can now turn to the condensation of electrons
as a possible mechanism. The iron oxypnictides are
itinerant electron systems with a reduced ordered iron
moment consistently below ∼ 0.8 µB within the SDW
regime [1, 16, 24, 66]. The condensation of electrons
from a higher occupied band to a lower band, for example,
could be a possible mechanism for the negative thermal
expansion, as is seen in other itinerant metals such as Cr
(- 9 ppm · K−1) [62, 67], a metal that also possesses a
nested Fermi surface [68]. In fact, current models of itin-
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FIG. 4. Comparison of the temperature dependence of the (a) a
and (b) c lattice parameters for fluorine-doped members of the
iron oxypnicitide series SmFeAsO1−xFx (x = 0.05, 0.1). All
anomalous features in Fig. 3 appear to have been completely sup-
pressed with fluorine doping, consistent with the onset of super-
conductivity [1]. (c) Temperature dependence of the FHWM of
the (212) peak identified a distinct broadening for x = 0.05, in-
dicating the tetragonal-to-orthorhombic distortion persists with
small amounts of fluorine doping, supported by the observation
of a small kink in the temperature dependence of a in panel (a),
consistent with previous synchrotron results [28]. The distortion
appears to be completely suppressed by x = 0.10. (d) Temper-
ature dependence of resistivity reveals that the high temperature
upturn is substantially suppressed by x = 0.05 and completely
suppressed by x = 0.10. A distinct peak in dρ
dT
is well-correlated
with both the onset of the broadening of the (212) peak and the
kink in the temperature dependence of a for the x = 0.05 sample
indicated by the olive vertical line.
erant magnetism in the iron pnictides have been successful
in predicting the Q-wavevector of the incommensurate
ordering, and have provided an explanation for the struc-
tural phase transition as a function of doping, albeit there
are key differences between various models at the present
that are highly dependent on sensitive parameters [20].
Furthermore, resistivity, magnetoresistivity, Hall effect,
Seebeck coefficient, infrared reflectivity measurements
performed by Tropeano et al. [26] on SmFeAsO1−xFx
(x = 0 and 0.07) alluded to a condensation of electrons
from the opening of a SDW gap. In agreement with
previous measurements [3, 26, 36], we note that there
is a signature for the condensation of electrons in the
resistivity. As shown in Fig. 3(d), the derivative of
the resistivity exhibits a broad peak at approximately
55 K, coinciding with the onset of the negative thermal
expansion and thus supporting our interpretation of
the negative thermal expansion as a consequence of
electronic condensation. The energy scale, on the order
of Tc in optimally doped samples [13–15], suggests the
possibility that the proposed electron condensation may
play a key role in the mechanism of superconductivity
of SmFeAsO1−xFx. The suppression of the negative
thermal expansion down to 10 K for the fluorine-doped
samples as illustrated in Figs. 4 and 5, suggests that the
negative thermal expansion cannot be solely attributed to
the superconducting phase but instead to the competing
SDW phase; a phase that is also rapidly suppressed with
the onset of superconductivity [1, 29, 30]. Finally, it
is worthwhile to note that µSR measurements [69] on
a variety of underdoped iron-arsenic superconductors
such as LaFeAsO1−xFx (x = 0.03) have revealed the
presence of a Bessel function line shape to the relaxation,
reminicent of the behavior of the cuprates within the
stripe-ordered phase [70]. This line-shape is distinct from
the parent compound LaOFeAs, and suggests that there is
an electronic condensation leading to a reduced field at the
muon site. Consequently, the negative thermal expansion
noted in this current work may possibly be an indication of
this condensation associated with stripe-like order which
would be consistent with the magnetic ordering on the Sm
and Fe sublattices [23].
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